Early exposure to inflammatory signals may have a lasting impact on immune function. Present throughout embryogenesis, macrophages are key cells providing innate immune protection to the developing fetus and newborn. Here, we have used an established model of macrophage development to test how early inflammatory signals can impact cellular differentiation and function. Bone marrow-derived macrophages were treated with Escherichia coli lipopolysaccharide (LPS) 2 days after initial isolation and culture. LPS treatment during this early stage of differentiation decreased the expression of CSF1R and increased that of the mature macrophage marker F4/80. These early changes in macrophage differentiation were also measured in cells from mice lacking IKKβ, but the change in CSF1R expression after LPS treatment was blocked with MAPK inhibition. LPSinduced changes in macrophage marker expression persisted following LPS removal, suggesting that early inflammatory activation could induce a lasting developmental impact.
Introduction
During development, the fetal innate immune system removes damaged or dead cells and maintains tolerance to maternal antigens [1, 2] . However, at birth, newborns rapidly encounter environmental microbes and pathogens. During this transition period, newborns are particularly susceptible to disease, particularly pneumonia and sepsis [3, 4] . Opportunistic bacteria like Group B Streptococcus and Escherichia coli take advantage of the newborn transition period and can cause devastating infections [5] . Infants born preterm are even more vulnerable to infections and inflammatory diseases [6] . While maturation of immunity does eventually occur in both term and preterm infants, the mechanisms regulating inThis article is licensed under the Creative Commons AttributionNonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND) (http://www.karger.com/Services/OpenAccessLicense). Usage and distribution for commercial purposes as well as any distribution of modified material requires written permission.
DOI: 10.1159/000494070 nate immune development are still being uncovered. In addition, early activation of developing immune cells may have lasting consequences for healthy responses later in life.
Early lung infections are major drivers of pediatric disease. Respiratory viral infections in the first year of life increase the risk of asthma [7, 8] . In preterm infants, infection and inflammation increase the risk of the chronic developmental lung disease, bronchopulmonary dysplasia [9] [10] [11] [12] . We are now learning more about the role of innate immune development and pediatric lung disease. Macrophages are the primary immune cells in the lung and are responsible for protecting newborns from inhaled pathogens [13, 14] . During development, macrophages, arising from distinct sources, differentiate into various lung macrophage populations. The earliest yolk sac-derived macrophages migrate to multiple tissues, including the lung [15] . A second wave of macrophages from the fetal liver initially reside in the lung interstitium, but then migrate into the alveolar space following birth [16, 17] . Differentiation of these immature cells into alveolar macrophages requires GM-CSF and PPARγ activation [18] . Differentiated alveolar macrophages express Siglec-F, CD11c, F4/80, and the macrophage scavenger receptors CD204 and CD206 [19, 20] .
Mature alveolar macrophages form the first line of defense against inhaled particles and pathogens. Efficient at phagocytosis, alveolar macrophages kill pathogens and recruit additional inflammatory cells when needed. During development, the activation of fetal lung macrophages increases the expression of mature alveolar macrophage markers. In addition to causing fetal lung inflammation, expressing a constitutively active IKKβ or a gain of function Nlrp3 allele in developing fetal macrophages increases the expression of F4/80, CD204, and CD206 [21, 22] . These data suggested that activation could promote and potentially accelerate lung macrophage differentiation. However, the signaling mechanisms involved in this maturation process are unclear.
Here, we have used an experimental model of macrophage differentiation to test how inflammatory activation modulates fetal macrophage development. Culturing hematopoietic precursors from bone marrow with L929-conditioned media generates bone marrow-derived macrophages (BMDM) [23] . We used E. coli endotoxin lipopolysaccharide (LPS) as a stimulator of innate immune signaling to test if TLR-mediated inflammatory pathways in immature bone marrow precursors could influence macrophage differentiation. Our data show that LPS alters macrophage marker expression, and we also investigate the signaling mechanisms responsible for these changes. Our results support our hypothesis that the activation of developing macrophages alters differentiation and subsequent cell function.
Materials and Methods
Animals C57BL/6 (The Jackson Laboratory; Bar Harbor, ME, USA) or LysM-Cre:Ikkb flox/flox (LysM-ΔIKKβ) mice and their littermate controls were bred under standard conditions at the University of California (UC) San Diego animal facilities. All animal experiments and protocols were reviewed and approved by the UC San Diego Institutional Animal Care and Use Committee.
Bone Marrow-Derived Macrophages BMDM were isolated and grown as previously described [23] . Femurs were isolated from 6-to 8-week-old male C57BL/6, LysM-ΔIKKβ, and littermate control mice. Bone marrow cells were flushed out of the femurs using 10 ml of RPMI medium into 100-mm Petri dishes with a 27.5-gauge needle. Single-cell suspensions of bone marrow precursors were centrifuged, resuspended in L929-conditioned medium and cultured in nontissue culturetreated 100-mm Petri dishes or 48-well plates.
Lung Macrophages
To study the response of LysM-ΔIKKβ cells to LPS stimulation, single-cell suspensions from the lungs of 6-week-old LysM-ΔIKKβ mice and littermate controls (Ikkb flox/flox ) were cultured overnight in L929-conditioned medium in nontissue culture-treated 48-well plates. Medium containing nonadherent cells was removed the following day and adherent macrophage populations were stimulated with gel-purified E. coli LPS (250 ng/ml; strain O55:B5, Sigma L6529; St. Louis, MO, USA).
Immune Stimulation BMDM were treated with LPS (250 ng/mL) for 16 h. For multiple-exposure experiments, macrophages were treated with LPS for 16 h, after which medium was removed and the cells were cultured in LPS-free L929-conditioned media for 24 h. These cells were then treated a second time with LPS or PAM 3 CSK 4 (PAM3; 1 μg/mL; InvivoGen; San Diego, CA, USA) for 3 h. A cocktail of MAPK pathway inhibitors was used at the following final concentrations: SB2035804 (p38 inhibitor), 100 nM; PD98059 (ERK1/2 inhibitor), 10 μM; and SP600125 (JNK1/2 inhibitor), 25 μM (Cell Signaling Technology; Boston, MA, USA). The inhibitor cocktail was added to the culture for 1 h prior to LPS treatment.
Flow Cytometry
After LPS stimulation, macrophages were collected and centrifuged. The medium was removed and the cell pellet resuspended in flow cytometry staining buffer (PBS, 1% BSA, 5% FBS). The cell suspensions were then treated with TruStain CD16/32 (Fc block) at a 1: 50 dilution (BioLegend; San Diego, CA, USA). Cells were incubated on ice for 20 min. The cells were then stained with the various fluorophore-conjugated antibodies at appropriate concentrations and incubated for 30 min on ice. The antibodies used were: CD45-FITC, CSF1R-PE, F4/80-APC and CD11b-Brilliant Violet. Live/Dead discrimination was done using the Zombie NIR TM fixable viability kit from BioLegend. Cells were washed in flow cytometry buffer and then analyzed on a FACSCanto II flow cytometry instrument (Becton Dickinson; Franklin Lakes, NJ, USA). Flow cytometry data were analyzed using FlowJo software.
ELISA ELISA on macrophage supernatants were performed using Ready-Set-Go ® kits (Thermo Fisher Scientific; Waltham, MA, USA) for murine IL-6 and IL-10 according to the manufacturer's instructions.
Quantitative Real-Time PCR BMDM messenger total RNA was extracted using TRIzol (Thermo Fisher Scientific) and phenol extraction. 1 ng of RNA was then reverse transcribed to cDNA using the Invitrogen SuperScript ® III first-strand synthesis system (Thermo Fisher Scientific) according to the manufacturer's instructions. Using the SYBR Green Mix (Bio-Rad; Hercules, CA, USA) and specific primer pairs, quantitative real-time polymerase chain reaction (qRT-PCR) was performed using a CFX96 thermocycler (Bio-Rad). GAPDH was used as an internal reference gene for all experiments. Fold change was calculated using the 2 -ΔΔCT method.
Phagocytosis Assay
Phagocytosis assays were performed using pHrodo Green E. coli BioParticles (Thermo Fisher Scientific). Following treatment with LPS, macrophages were briefly washed, resuspended in fresh culture medium, and plated into a 96-well microplate (Falcon; Corning, NY, USA). The replated cells were incubated for 30 min at 37 ° C. The microplate was centrifuged at 1,000 rpm for 10 min and culture medium was removed afterwards. The medium was replaced with 50 μL pHrodo Green E. coli BioParticles suspended in live-cell imaging buffer (1 mg/mL final concentration). The microplate was incubated for 30 min at 37 ° C without CO 2 to avoid artificial phagosome acidification. Following incubation, the cells were washed, resuspended in 200 μL of flow cytometry staining buffer and analyzed via flow cytometry.
Data/Statistical Analysis
Data were analyzed using either Student's t test or one-way ANOVA within GraphPad Prism.
Results
Our previous data showed that immune activation altered macrophage development [21, 22] . To further investigate this process, we used a primary cell culture model of macrophage differentiation. Bone marrow precursors differentiate into macrophages when cultured with L929-conditioned medium for at least 7 days. To use this model for testing the effects of inflammatory activation on macrophage differentiation, we first measured the kinetics of macrophage marker expression during culture in conditioned media (Fig. 1a) . Freshly isolated bone marrow precursors failed to express significant levels of the macrophage markers CSF1R, F4/80, or CD11b. After 3 days of culture, we detected expression of each macrophage marker with small populations of F4/80-negative and CD11b-negative cells. Expression of CSF1R, F4/80, and CD11b was higher following 7 days of culture. To test the effects of inflammatory activation in naïve precursors before differentiation was complete, we focused on how LPS could impact macrophage marker expression in immaturely differentiated cells 2 days after isolation.
Bone marrow precursors cultured in L929-conditioned media for 2 days were treated with LPS and assayed for macrophage marker expression 16 h later (Fig. 1b, c) . LPS treatment reduced CSF1R expression and increased F4/80 expression compared to control cells. These effects were not observed in freshly isolated and plated precursors treated with LPS for 16 h (Fig. 1b, left  panels) , possibly due to a lack of TLR4 expression or inadequate macrophage differentiation. Similar LPS-dependent changes were observed when cells cultured in conditioned media for 7 days were treated with LPS (Fig. 1b, far-right panels) . LPS increased F4/80 and decreased CSF1R MFI across a number of independent experiments; each treated on day 2 and analyzed 16 h later (Fig. 1c) . The LPS-induced trends were consistent within each experiment (Fig. 1d) . LPS did not alter Csf1r mRNA levels as measured by RT-PCR, suggesting a posttranslational change in the surface expression of CSF1R protein as has been reported ( Fig. 1e; [24] ). Based on our previous experiments testing fetal inflammation on macrophage marker expression [21, 22] , we measured the expression of both Adgre1 (the gene encoding F4/80) and 2 mannose/scavenger receptor genes, Msr1 (CD204) and Mrc1 (CD206). LPS increased the expression of Adgre1 and Msr1 but did not alter that of Mrc1 (Fig. 1e) .
In macrophages, LPS activation of TLR4 occurs via the IKKβ/NF-κB [25] and MAPK [26] signaling pathways. To test the pathways connecting LPS/TLR4 signaling to macrophage differentiation, we measured the effects of LPS on macrophage differentiation using bone marrow (Fig. 2a) . We then isolated bone marrow precursors from LysM-Cre:Ikkb flox/flox (LysM-ΔIKKβ) mice and littermate controls, treating cells with LPS after 2 days of culture in L929-conditioned media. As seen in Figure 2b , LPS had similar effects on cells from both LysM-ΔIKKβ and Ikkb flox/flox littermate controls, reducing CSF1R expression and increasing F4/80 expression. The trends effects of LPS on CSF1R and F4/80 expression were consistent across 3 independent experiments (Fig. 2c) . Therefore, the effects of LPS on macrophage differentiation did not appear to require IKKβ-dependent signaling. We next tested if the effects of LPS on macrophage differentiation required MAPK signaling (Fig. 3) . Bone marrow precursors cultured for 2 days in conditioned media were treated with an MAPK inhibitor cocktail 1 h prior to LPS exposure. MAPK inhibition prevented an LPS-induced decrease in CSF1R expression (Fig. 3a) . However, the LPS effect on increased F4/80 expression alone did not appear to be impacted by MAPK inhibitor treatment. Across 5 independent experiments, MAPK inhibition prevented LPS from decreasing the percentage of CSF1R-expressing cells within the F4/80 macrophage population (Fig. 3b, c) . These data suggest that at least some of the LPS effects on macrophage differentiation involve MAPK signaling but not IKKβ.
To test if LPS-mediated changes in macrophage differentiation were transient or persistent, we treated 2-day-old bone marrow precursors with LPS for 16 h, removed the LPS by changing the media, and measured macrophage marker expression 24 h later (Fig. 4a) . FACS showed that the LPS-induced changes in F4/80 and CSF1R persisted after 24 h of LPS removal. We next tested if early LPS-induced changes could alter the macrophage response to a second round of TLR activation. For these experiments, we treated 2-day-old bone marrow precursors with LPS for 16 h, removed the media for 24 h, and then treated the cells a second time for 3 h with either LPS or the TLR2 agonist Pam 3 CysSerLys 4 (PAM3) (Fig. 4b) . To assay TLR responsiveness, we measured Il6 mRNA by RT-PCR. LPS-induced Il6 expression was similar in cells that had been treated with LPS on both day 2 and day 4, or only on day 4. Interestingly, treating cells on day 2 with LPS increased the induction of Il6 expression when challenged with PAM3 on day 4 compared to samples only treated with PAM3 on day 4 (Fig. 4c) . This result suggests that early LPS might augment TLR2-mediated transcription. However, we did not measure similar changes in IL-6 or IL-10 protein released into the cell media (Fig. 4d) . These data suggest that early activation might affect transcriptional responses to additional stimuli but not necessarily significantly alter cytokine release.
We next tested the effects of LPS during differentiation on microbial and particle phagocytosis. Cultured BMDMs were incubated with pHrodo E. coli BioParticles, which emit a fluorescent signal when engulfed and exposed to the acidic environment of the phagosome. The majority of control cells had high levels of pHrodo fluorescence, consistent with efficient uptake and acidification (PE HI ; Fig. 5a ). A smaller percentage of cells had a lower intensity (PE LO ), potentially due to incomplete acidification within an early endosomal compartment or immature phagosome development. In LPS-treated cells, the percentage of PE HI cells was lower, with more cells having low levels of pHrodo fluorescence or no fluorescent signal at all (Fig. 5a-c) . Mature macrophages (day 7) did not show a difference between the populations of cells that had low or high levels of pHrodo fluorescence (Fig. 5a-d) . Overall, these results suggest that treating immature, developing macrophages with LPS decreases phagocytic activity.
Discussion
Our data showed that early activation altered the differentiation of immature macrophages. Treating incompletely differentiated bone marrow-derived precursors with LPS reduced CSF1R expression and increased F4/80 expression compared to untreated controls. These findings paralleled our previous data showing that transgenic macrophage activation in vivo appeared to accelerate fetal lung macrophage differentiation [21, 22] . The changes in CSF1R expression in developing macrophages required MAPK signaling but not IKKβ. Interestingly, the differential expression of macrophage cell surface markers appeared to be persistent even after LPS was removed. Early activation also led to later functional differences in phagocytosis and transcriptional responses to secondary stimuli. These results therefore support the concept of early immune activation having lasting effects on macrophage biology.
We previously showed that macrophage activation in utero increases the expression of mature alveolar macrophage markers. Transgenic expression of gain of function Ikkb or Nlrp3 alleles increased expression of F4/80 (Adgre1), CD204 (Msr1), and CD206 (Mrc1), each highly expressed by mature alveolar macrophages. These 2 mutant strains targeted innate immune activation upstream (Ikkb) and downstream (Nlrp3) of NF-κB transcriptional activity [21, 22] . In macrophages, LPS activates both MAPK [26] and NF-κB [25] . Our data here showed that at least some components of LPS-mediated changes in BMDM differentiation required MAPK signaling but not IKKβ, the rate-limiting enzyme in NF-κB activation. Our findings could be related to MAPK-dependent ATF7 phosphorylation, which plays a key role in promoting LPS-mediated innate immune memory [27] . Consistent with the concept of "trained immunity" or innate immune memory [28] [29] [30] [31] , our findings suggest that immune activation of immature macrophages also causes changes in cell differentiation and potential training of the innate immune response.
Changes in CSF1R expression could lead to multiple, pleiotropic effects on macrophages, including cell proliferation and differentiation. CSF1R signaling in response to CSF1 generally suppresses the innate immune response in exchange for more trophic cellular effects [32] . Previous reports showed that LPS reduced CSF1R expression on the cell surface of mature treated macrophages, potentially leading to more vigorous immune responses [24] . Our data here demonstrate that LPS also lowers CSF1R expression in developing macrophages. Consistent with the idea of trained innate immunity, LPS-treated cells expressed higher levels of Il6 transcripts when challenged later with the TLR2 ligand PAM3. While this increase did not apparently lead to detectable changes in secreted cytokine levels, the data do suggest differences in transcriptional responses in cells exposed early to immune activators.
Recent work has provided significant insight into the transcriptional mechanisms regulating macrophage differentiation. The master macrophage regulator PU.1 promotes the deposition of monomethylated lysine 4 in histone 3 (H3K4me1) to create small open regions of accessible DNA of approximately 150-300 base pairs [33] [34] [35] . Macrophage transcription factors including C/EBPα, IRF4, IRF5, and PPARγ as well as stimulus-dependent factors like NF-κB are then able to bind to DNA, driving the expression of specific genes. PU.1 appears to interact with both lineage-specific and stimulus-dependent transcription factors. For example, specific interactions between the amino-terminal of PU.1 and C/EBPα drive the transcription of GM-CSF receptor α [36] . Pretreatment of human monocytes with β-glucan increased trimethylation of lysine 4 in histone 3 (H3K4me3) and acetylation of histone 3 at lysine 27 (H3K27ac) in differentiated macrophages [37] . Furthermore, in peritoneal macrophages, LPS treatment led to disruption of heterochromatin and a decrease in the level of repressive histone H3K9me2 marker [27] . Such genome-wide epigenetic changes could alter cellular behavior when responding later to subsequent immune challenges.
Early LPS exposure also reduced the efficient phagocytosis of E. coli particles. In our experiments, macrophage precursors cultured for 2 days and treated with LPS had phagocytosis patterns resembling cell cultured for 7 days. These data were again consistent with innate immune activation promoting certain aspects of macrophage maturation. As efficient phagocytosis of both microbes and particles is a key function of macrophages, these changes could represent significant alterations in immunity. Newborn infants (especially those born preterm) are often exposed to pathogenic microbes before macrophage differentiation is complete [9, 38] . Therefore, these early exposures could lead to developmental changes and subsequent disease pathogenesis. Our data do not consistently point to the simple "training" of macrophages to be more inflammatory or tolerant. This apparent complexity was reflected in our previous data showing that activation of fetal lung macrophages induced both inflammatory cytokine expression ("M1") and increased levels of "M2" markers consistent with reduced inflammatory responsiveness [22] . Additional studies using complementary models of macrophage differentiation will further test how developmental changes influence tissue immunity.
